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This study was designed to determine the hemodynamic
and hormonal consequences of aortic coarctation at rest
and during treadmill exercise. Twelve normal adult dogs
served as controls. In eight dogs coarctation was created
within I week of birth by banding the aorta just proximal
to the ductus ligament, thereby fixing luminal diameter
at I to 2 mm, Studies were performed 18 months after
operation. Vascular pressures were monitored proximal
and distal to the coarctation, cardiac output and regional
blood flow were evaluated with radioactive microspheres
and blood samples were collected for determination of
hormone levels and blood gases.
At rest, systolic pressure in the proximal aorta was
130 ± 12 mm Hg (mean ± SD) in the control group
and 167 ± 16 mm Hg in dogs with coarctation (p <
0.01). During exercise at a level that doubled heart rate
and cardiac index, mean aortic pressure increased by
11and 31% (p < 0.01) in the control and the coarctation
Th e neurohumoral adaptations and the pressure and flow
dynamics at rest and during exercise accompanying aortic
coarctation are incompletely under stood . Whereas numer-
ous investigators (I-4) have attempted to eluc idate a renal
mech an ism for the hypertension of coarct ation. elevation of
plasm a renin acti vity has been demon strated onl y during
nonphysiologic salt depri vation (5.6) . Moreover. the re-
ducti on in renal blood flow that was presumed to occur in
co arctat ion was not documented unt il Lock et al. (7) showed
a decrea se in renal blood flow during exerc ise in lambs with
coarctation . Their intent was to define alteration s in blood
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group, respectively. Mean distal aortic pressure in-
creased by 8% during exercise in control dogs but de-
creased by 29% in dogs with coarctation. Exercise de-
creased flow to the kidneys and the large intestine in the
coarctation group. Plasma norepinephrine concentra-
tions were greater in the coarctation group than in con-
trol dogs at rest; during exercise, plasma norepineph-
rine, epinephrine and renin activity increased in both
groups, but to a greater degree in the group with coarc-
tation.
These results confirm an abnormality in renal and
gut perfusion in experimental coarctation and suggest
that this may be related to a decline in perfusion pres-
sure. They also demonstrate that cardiac performance
is well preserved in this model with hypertension of long
duration, and that sympathoadrenal activity is in-
creased .
(J Am ColL CardioI1987;9:903-9)
flow and pressure dynamics before and after relief of aortic
coa rctation. However. several questions that merit clarifi-
cation emerge from their study . Was the degree of coarc-
tation to which the animals were expo sed (4 .8 mm luminal
diam eter) truly analogous to clinical coarctation in which
distal perfusion is virtually entirely dependent on collateral
blood flow'? Wa s the evaluation of rest and exercise dynam-
ics in the uncorrected. still immature animal (2. 5 months
old) ana logo us. as the y sugges t. to that in the fully devel-
oped animal in which adaptive respon ses ma y have evolved
further'? Wa s the degree of exercise stres s to which their
animals were subjected (3. 2 to 4. 8 krn/h at level grade)
sufficient to bring out the magnitude of flow and pressure
alterations that may occur in the clinical setting during ex-
ercise ? Finally , what was the humoral counterpart to these
hemodynamic events and to correlative alterations in cardiac
work?
We have explored these questions. raised by the work
of Lock et al . (7). in our canine model of coarctation that
is crea ted during infancy and studied in the mature animal.
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Methods
Experimental protocol. The canine model of aortic
coarctation used in these experiments has been described in
detail elsewhere (8). Briefly, coarctation is created in pup-
pies within 4 to 7 days of birth by subcritical banding of
the descending thoracic aorta just distal to the ductus lig-
ament. Aortic lumen diameter at the banded site is fixed at
I to 2 mm.
Eight animals with this model of coarctation were studied
at age 18 months (weight 17 ± 3 kg, mean ± SO). Twelve
normal adult dogs (weight 19 ± 4 kg) served as controls.
Studies were performed both at rest and during exercise.
Data at rest were obtained with the dogs standing calmly in
a sling. Measurements during exercise were obtained while
the dogs ran on a treadmill at 16 kmlh at a 12° grade for
10 minutes. Approximately 3 to 10 daily sessions were
required to train the dogs to run. This time requirement
varied among animals but no consistent differences between
groups were noted. We did not assess whether there was
any cardiovascular conditioning effect during this training,
but we presume that, should such an effect occur, differ-
ences between groups would be negligible during the few
sessions required for training. Each animal was fed an amount
(approximately 35 mg/kg body weight daily) of standard
Wayne Formula No. I laboratory chow, which was entirely
consumed, maintained constant body weight and contained
0.43% sodium. All animals resumed eating on the first post-
operative day.
Ten to 14 days before the study, the animals were sur-
gically instrumented for monitoring. Anesthesia was in-
duced with thiamylal sodium, 15 mg/kg intravenously, and
maintained with I% halothane. Catheters were placed in the
abdominal and ascending aorta, pulmonary artery and right
and left atria. Antibiotic support was provided by ampicillin
preoperatively and by penicillin-streptomycin postopera-
tively.
Pressure and organ blood flow measurements. Intra-
vascular pressure measurements were monitored with Sta-
tham P-50 or P-23 Db pressure transducers. Mean pressures
were obtained by electronic averaging.
Cardiac output and organ blood flow were determined
with 15 /Lm diameter microspheres labeled with 153-ga-
dolinium, 57-cobalt, 114m-indium, 51-chromium, 113-tin,
85-strontium, 95-niobium or 46-scandium (Minnesota Min-
ing and Manufacturing or New England Nuclear) (9,10).
Injection of microspheres was done over a 15 to 20 second
period. The number of spheres injected at each intervention
ranged from I to 4 million. Coincidence loss was corrected
for in determining the amount of radioactivity in the injec-
tion. Reference blood samples were withdrawn over a 2
minute period. For counting, the free wall of the left ven-
tricle was divided into four transmural layers and the right
ventricle was divided into two layers. Skeletal muscle blood
flow was assessed by counting the entire long head of the
triceps from the forelimb and the entire biceps femoris from
the hindlimb (II). All tissue samples contained at least 400
microspheres (12). Separation of isotopes was performed
by dividing the energy scale into 24 regions and deriving
the best fit solution for a set of 24 simultaneous equations
by the least squares matrix algebra technique (13).
Cardiac index was derived by dividing cardiac output by
the weight of the animal. Stroke index was derived by di-
viding cardiac index by heart rate. To compute cardiac ef-
fort, mean arterial pressure was multiplied by stroke index
to obtain stroke work index. Vascular resistance was com-
puted by substracting right atrial pressure from mean aortic
pressure and dividing the difference by organ blood flow,
using arterial pressure measured proximal or distal to the
coarctation as appropriate.
Systemic oxygen consumption. Partial pressure of ox-
ygen (Po 2), partial pressure of carbon dioxide (PC02) and
pH were assessed in blood samples collected from the pul-
monary artery and the aorta. Hemoglobin (Hb) was mea-
sured by the cyanmethemoglobin method. Oxyhemoglobin
saturation (Sat) was estimated from a nomogram (14). Blood
oxygen content was estimated by the equation: O2 content
(mlldl) = [Hb (g) x 1.36 (mllg) x Sat (%)] + [Po 2 (mm
Hg) x 0.03 (ml)]. Oxygen consumption was calculated as
the arteriovenous O2 content difference multiplied by car-
diac index.
Catecholamines and plasma renin activity. Blood
samples for determination of plasma renin activity and plasma
epinephrine and norepinephrine were collected from the pul-
monary artery, immediately chilled and promptly spun in a
refrigerated centrifuge. Plasma was stored at - 20°C (renin)
or at -70°C (catecholamines). Catecholamine concentra-
tion was measured by a single isotope-derivative radioen-
zymatic technique (15,16). Plasma renin activity was as-
sessed using a modification of the technique developed by
Sealey and Laragh (17).
Statistical analysis. Within each group Student's t test
for paired data was employed to compare data measured at
rest with data measured at exercise. Student's t test for
unpaired data was used to compare data from control dogs
with data from dogs with coarctation. A probability value
of <0.05 was considered to be statistically significant.
Animal welfare. This study was conducted in conform-
ity with the Position of the American Heart Association on
Research Animal Use.
Results
Blood pressure, heart rate, cardiac output (Tables 1
and 2). At rest, dogs with coarctation had significantly
elevated systolic, diastolic and mean blood pressure prox-
imal to the aortic narrowing compared with control dogs
(Table I). The systolic pressure gradient between the prox-
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Ascending Aorta Pressure (mm H~) Descending Aorta Pressure (mm H~ ) Gradient (rnm Hg)
Systolic Diastolic Mean Systolic Diastolic Mean Systolic Diastolic Mean
Control (n = 12)
Rest 130 ± 12 87 ± 12 110 ± 40 142 ± 16 88 ± 9 lOX ± 14 5 ± 3 o ± 3 I ± 3
Exercise 164 ± 16* 92 ± 14 122 ± 26* 175 ± 26 85 ± IX 117 ± 13* 2 ± I -2 ± 2 o ± I
Coarctation (n = 8)
Rest 167 ± 16t 110 ± 12t 140 ::!: 16t 123 ± li t 107 ::!: li t 117 ::!: 13 - 43 ::!: lOt - 3 ± 2 - 23 ± 8t
Exercise 232 ± 33*t 142 ± 20*t 183 ± 26*t 100 ± 29*t 70 ± 23* 9 \ ± 2S*t - 140 ± 25*t - 45 ::!: 13*t - 9 1 ::!: 39*t
*p < 0.05 rest versus exercise; t p < 0.0 I control versus coarctation. Data are expressed as mean values ± SO.
imal and distal aorta in dogs with coarctation was 43 ± 10
mm Hg. Distal to the aortic narrowing, systolic pressure in
the dogs with coarctation was significantly less than in con-
trol dogs whereas diastolic pressure was significantlygreater
than in controls. This resulted in a mean distal perfusion
pressure at rest that was similar in the two groups.
During exercise. proximal aortic pressure increased in
both groups; the percent change was signifi cantly greater in
the coarctation group. In striking contrast, distal pressure
increased with exercise in control dogs, but decreased in
dogs with coarctation.
The effects of exercise on heart rate, atrial pressure and
cardiac function are shown in Table 2. ln each group both
heart rate and cardiac index increased as a consequence of
exercise. Left ventricular stroke work index during exercise
was signifi cantly greater in the coarctation group than in
controls.
Organ blood flow (Table 3). In comparisons between
the two groups at rest, no significant differences were ob-
served in blood flow to any organ normalized on a tissue
weight basis. However, total left ventricular blood flow
normalized for body weight was greater in dogs with coarc-
tation (4.9 ± 0.5 mllmin per kg body weight) than in the
control group (3.8 ± 1.3 mllmin per kg) (p < 0.05). Left
ventricular blood flowwas also significantly different during
exercise when expressed on a body weight basis (12.5 ±
3.1 mllmin per kg with coarctation versus 7.3 ± 2.4 mllmin
per kg in controls) (p < 0.002), but was similar on a tissue
weight basis. These data reflect the moderate cardiac hy-
pertrophy present in the coarctation group (the left ventric-
ular free wall plus the septum weighed 5.4 ± 0.9 glkg body
weight compared with 4.3 ± 0.5 g/kg in controls) (p <
0.05).
In both groups . exerci se increased bloodfiow to the right
and left ventricles , cerebellum, skeletal muscle of both fore-
and hindlimb and small bowel. Additionally, in the coarc-
tation group flow to the kidney and large bowel was de-
creased. The left ventricular subendocardial to subepicardial
blood flow ratio was decreased with exercise in control
animals but unchanged in those with coarctation.
Systemic oxygen consumption (Table 4). Hemoglobin
concentration was similar in the two groups (12 ± 2 gldl
in the control group and 13 ± I g/dl in the coarctation
group). At rest, oxygen consumption in animals with coarc-
tation was greater than in control dogs. With exercise, ox-
ygen consumption increased in both groups and was asso-
ciated with increased oxygen extraction and decreased mixed
venous oxygen content. These changes were greater in dogs
with coarctation than in control dogs.
Hormonal studies (Tab le 5). At rest, mixed venous
norepinephrine was significantly greater in animals with
coarctation than in control animals. During exercise. epi-
Table 2. Heart Rate , Atrial Pressure and Cardiac Dynamics in 20 Dogs
Right Atrial Left Atrial Stroke Work
Heart Rate Pressure Pressure Cardiac Index Stroke Index Index
(beals/min) (mm Hg) (rnrn Hg) (rnl/min per kg) (rnl/beat per kg) (ml-rnm Hg/kg)
Control (n = 12)
Rest 126 ± 4 1 5 ± 4 3 ± 2 224 ± 64 1.9 ± O.R 214 ::!: 96
Exercise 219 ± 35* 4 ± 3 4 ± 4 410 ± 92* 1.9 ± 0.6 228 ± 74
Coarctation (n = 8)
Rest 114 ± 19 3 ± 2 5 ± 2 193 ::!: 31 1.7 ± 0.3 227 ± 54
Exercise 220 ± 28* 3 ± 4 :; ± 3 451 ± 102* 2.2 ± 0.4* 414 ± 89*t
*p < 0.05 rest versus exercise; tp < 0.01 control versus coarctation. Data are expressed as mean values ± SD.
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Table 3. Organ Blood Flow in 20 Dogs
Control (n = 12) (mllmin per kg) Coarctation (n = 8) (mllmin per kg)
Rest Exercise
Visceral organs
Small bowel 318 ± 212 151 ± 103*
Large bowel 464 ± 161 346 ± 153
Liver 194 ± 129 199 ± 103
Renal cortex 4,871 ± 1,480 5,143 ± 2,059
Renal medulla 519 ± 274 643 ± 368
Brain
Cerebrum 660 ± 178 574 ± 173
Brain stem 471 ± 138 443 ± 153
Cerebellum 664 ± 145 792 ± 189*
Skeletal muscle
Forelimb 125 ± 86 1,012 ± 429*
Hindlimb 141 ± 116 845 ± 344*
Myocardium
Right ventricle I, 122 ± 243 1,939 ± 727*
Left ventricle 1,248 ± 425 4,279 ± 247*
Endo/epi 1.3 ± 0.2 1.1 ± 0.2*
Rest
179 ± 144
626 ± 298
229 ± 138
5,405 ± 2,001
719 ± 462
608 ± 197
514 ± 147
656±118
71 ± 40
135 ± 78
754 ± 276
1,296 ± 388
1.3 ± 0.2
Exercise
85 ± 77*
344 ± 227*
177 ± 89
3,003 ± 1,041*
299 ± 164*
667 ± 264
521 ± 226
956 ± 425*
1,498 ± 388*
1,343 ± 880*
2,119 ± 844*
3,198 ± 1,050*
1.3 ± 0.7
*p < 0.05 rest versus exercise. Data are expressed as mean values ± SO. Endo/epi = endocardial/epicardial flow ratio.
nephrine, norepinephrine and plasma renin acnvity in-
creased in both groups; the increase was much greater in
the dogs with coarctation.
Discussion
Clinical relevancy of preparation. Because coarctation
clinically has hemodynamic effects beginning at birth, we
created coarctation in our dogs within the first week of their
life so that the onset of changes in our model would occur
very early. Furthermore, by creating the coarctation in new-
borns, we achieved a degree of stenosis (luminal diameter
I to 2 mm) that would provoke acute heart failure if imposed
on older animals. Therefore, early aortic banding improves
on the usefulness of this model as compared with other
models used to study coarctation. Because the dogs were
not studied until 18 months of age, we presume that adaptive
responses to the lesion were fully developed in these mature
animals. Although the level of treadmill exercise in our
study (16 krn/h, 12°grade) was considerably more strenuous
than in the study of Lock et al. (7) 3.2 to 4.8 km/h, level
grade), it was nevertheless of lesser intensity and duration
than might be encountered clinically. We recognize addi-
tionally that the dogs with coarctation were reared in the
laboratory, whereas control dogs had been housed under
laboratory conditions for only approximately 3 weeks. How-
ever, the normal growth and exercise capability of the dogs
with coarctation suggests that the conditioning of the two
groups was similar and that this factor does not influence
the exercise data.
Overall systemic hemodynamics. Paradoxically, aortic
pressure decreased distally during exercise in the dogs with
coarctation but increased proximally. As dictated by the
laws of hydraulics (18) this implies that the effect of de-
creased vascular resistance distally is of greater magnitude
than the sum effect of increased proximal aortic pressure
plus any vasodilation or recruitment that might occur at the
level of the chest wall collateral vessels. This concept is
Table 4. Blood Oxygen Content and Systemic Oxygen Consumption in 20 Dogs
Control (n = 12)
Rest
Exercise
Coarctation (n = 8)
Rest
Exercise
Venous 0, Content
(rnl/dl)
II ± 2
7 ± 3*
10 ± 2
3 ± 2*t
Arterial 0, Content
(ml/dl)
15 ± 2
15 ± 2
16 ± 2
16 ± 2
Systemic 0, Consumption
(mllmin per kg)
9 ± 4
36 ± 12*
15 ± 4t
56 ± 18*t
*p < 0.01 rest versus exercise; tp < 0.05 control versus coarctation. Data are expressed as mean values
± SO.
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Control (n = 12)
Rest
Exercise
Coarctation (n = ll)
Rest
Exercise
Epinephrine
(pg/ml)
131 :!: 74
437 :!: 220*
243 :!: I II
1.213 ::: 813*t
Norepinephrine
(pg/ml)
209 :!: 49
662 :!: 276*
354 :!: 13 1t
I.264 z 441}*t
Renin Activity
(ng/ml per h)
3 :!: I
I} :!: 5*
4 :!: 3
20 :!: ll*t
*p < 0,05 rest versus exercise; t p < {LO I control versus coarctation. Data are expressed as mean values
± SD.
supported by our observation that proximal aortic blood
pressure increased by only 31% whereas vascular resistance
in hindlimb skeletal muscle decreased by nearly 1,700%.
In the study by Lock et al. (7), distal aortic mean pressure
was 78 mm Hg at rest and 58 mm Hg during exercise. That
this difference was not significantly different might be the
result of a type II statistical artifact because they monitored
distal pressure in only four animals. To some extent, the
demand for blood flow to skeletal muscle is met by redis-
tribution of flow away from the gut during exercise, as
previously demonstrated in normal dogs (19). and decreased
renal blood fl ow was observed in Lock's ovine model of
coarctation (7). We also noted a decline in fl ow to the gut
and to the kidneys. The magnitude of redistribution away
from the gut was much greater in the dogs with coarctation
than in controls. Because vascular resistance in the renal
cortex in our study did not differ between rest (23 ± 6 mm
Hg/[rnl/min] per g) and exercise (32 ± 2 mm Hg/lml/min]
per g) it appears that renal blood flow decreases with ex-
ercise in coarctation as a function of reduced perfusion pres-
sure rather than vasoconstriction. By clarifying the mech-
anism by which renal flow is altered these data expand on
the observations by Lock et al. (7), who monitored renal
fl ow and distal pressure in separate groups of dogs and
therefore could not examine the mechanism.
Myocardial blood flow and mechanics. The cardiac
response to exercise differed between our two groups. With
coarctation, cardiac output increased because of an increase
in both heart rate and stroke volume. This produced an 82%
increase in left ventricular stroke work, In contrast, cardiac
output increased in control animals by an increase in heart
rate alone, and there was no signifi cant increase in stroke
work. The augmentation in stroke volume with coarctation
could have occurred by an increase in end-diastolic volume
or a decrease in end-systolic volume, or both. Because there
was no statistically significant change in left atrial pressure,
we presume there was no change in end-diastolic volume;
we can only speculate that during short-term exercise, left
ventricular compliance remained constant. It appears likely.
therefore, that end-systolic volume declined because of en-
hanced left ventricular ejection fraction. Augmentation of
stroke volume in this way would be consistent withenhanced
sympathetic activity. as discussed later under Sympathoad-
renal system. In this regard, it is of interest that increased
ejection fraction and velocity of circumferential fiber short-
ening and decreased end-systolic volume index have been
observed in children with unrepaired coarctation (20). This
hyperkinetic state appears to persist. because similar find-
ings were noted in patients studied a mean of 15 years after
successful surgical repair (21).
One would expect myocardial oxygen demand and myo-
cardial blood flow to be greater in the dogs with coarctation
than in the control dogs if contractility is enhanced with
coarctation. However. left ventricular blood flow per unit
weight of myocardium was similar in the two groups at rest
or during exercise. The greater flow to the entire left ven-
tricle during rest or exercise in the coarctation group as
compared with the control group reflects the moderate car-
diac hypertrophy in the dogs with coarctation. This dis-
crepancy between the expected increase in myocardialblood
fl ow that should result from the increased inotropic state
and the observed lack of augmented flow per unit weight
might be explained by the observation that catecholamines
may increase myocardial oxygen extraction by as much as
35% (22.23) . This mechanism, rather than increased deliv-
ery, may have played a role in meeting myocardial oxygen
demand.
Exercise caused a redistribution of blood flow away fro m
the endocardium in control dogs , as others have also re-
ported (24). No changes in the transmural distribution of
myocardial blood flow during exercise were observed in the
coarctation group despite the known influence of increased
wall stress and contractility on fl ow redistribution (25) . The
high diastolic pressure maintained in the proximal aorta with
coarctation may contribute to the preservation of suben-
docardial blood flow.
Sympathoadrenal system. The sympathoadrenal sys-
tem in coarctation has received little attention (26.27). Both
at rest and during exercise. catecholamine levels in our
control dogs are in agreement with values reported by others
(28) for normal dogs. Catecholamines in our dogs with
coarctation at rest were approximately 175% of the levels
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in control dogs and during exercise the values increased to
200 to 300% of corresponding control values.
Because plasma catecholamines rise coincident with ex-
ercise and other conditions that produce hemodynamic al-
terations, it is generally believed that changes in circulating
catecholamines reflect the degree of sympathetic activity.
However. recent evidence suggests that changes in plasma
catecholamines may greatly underestimate the degree of
sympathetic nervous system stimulation. It has been dem-
onstrated (28). for example. that a small increase in plasma
catechoJamines in dogs during exercise is associated with a
90% increase in rate of increase in left ventricular pressure
(dP/dt) but that infusions of norepinephrine and epinephrine
in dogs at rest at rates sufficient to match the plasma levels
during exercise increased contractility by only 5 to 10%.
Observations from that study (28) together with data from
studies in humans (29) demonstrate that norepinephrine al-
ters hemodynamics only at plasma concentrations greater
than approximately 1,000 pg/ml. Therefore. it appears that
norepinephrine in our dogs with coarctation (354 pg/ml at
rest, 1,264 pg/ml during exercise) had minimal infl uence in
modulating hemodynamics by a hormonal mechanism. Yet
as an index of sympathetic nervous system activity, these
greater norepinephrine levels suggest enhanced sympathetic
activity. This is further augmented by the hormonal action
of epinephrine in our coarctationgroup which clearly achieved
levels capable of producing hemodynamic alterations. The
greater concentrations of both circulating epinephrine and
norepinephrine in the coarctation group as compared with
the control group in our study implies that sympathoadrenal
activity in coarctation is exaggerated, but the cause of this
augmentation is not known.
Renin-angiotensin system. Despite numerous efforts to
define a link between the renin-angiotensin system and the
hypertension seen with coarctation ( 1- 6,30), an increase in
plasma renin activity has been demonstrated only with the
unphysiologic stress of severe salt restriction. In the current
study. exercise produced a much greater increase in plasma
renin activity in animals with coarctation than in control
dogs. To our knowledge, this is the first time a physiologic
stress has been demonstrated to significantly increase plasma
renin activity in coarctation. The rise in plasma renin activity
was correlated with a decrease in renal blood flow and
increases in both plasma epinephrine and norepinephrine.
Augmented plasma renin activity increases both angiotensin
and aldosterone (31). Whereas the roles played by these
hormones in our animals is speculative, the hypertensive
response to exercise in the proximal circulation could be
contributed to by the renin-angiotensin axis.
Conclusion. In our adult canine model with aortic coarc-
tation since birth, there was a marked decline in arterial
blood pressure distal to the coarctation during exercise. This
was associated with decreased renal and gut perfusion, and
an increase in plasma renin activity. The ability of the heart
to perform work and to maintain normal perfusion was well
preserved. Increased plasma epinephrine and norepineph-
rine occurred with coarctation, presumably reflecting in-
creased activity of the sympathetic nervous system and ad-
renal medulla, particularly during exercise. These data
corroborate previous observations with an ovine model (7)
and extend the conclusions from that study to another animal
species with a greater degree of coarctation, maturity and
exercise stress.
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